In White's effect equiluminant test patches placed on the black and white bars of a square-wave grating appear different in brightness. The illusion has generated intense interest because the direction of the brightness effect does not correlate with the amount of black or white border in contact with the test patch, or in its general vicinity. Therefore, unlike brightness induction effects such as simultaneous contrast, White's effect is not consistent with explanations based on contrast or assimilation that depend solely on the relative amounts of black and white surrounding the test patches. We independently manipulated the luminance of the collinear and flanking bars to investigate their influence on test patch matching luminance (brightness). The inducing grating was a 0.5 c/d square-wave and test patches measured 1.0°in width and either 0.5°or 3.0°in height. Test patches measuring 0.5°in height had more extensive contact with the collinear bars and test patches measuring 3. ). Under these conditions the influence of the collinear and flanking bars was found to be purely in the direction of contrast. The effect was dominated by contrast from the collinear bars (which results in White's effect), however, the influence of the flanking bars was also in the contrast direction. The data elucidate the luminance relationships between the collinear and flanking bars which produce the behavior associated with White's effect as well as that associated with ''the inverted White effect" which is akin to simultaneous contrast.
Introduction
In White's effect (White, 1979) gray test patches of identical luminance placed on the black and white bars of a square-wave grating appear to differ in brightness/lightness (Fig. 1) . This illusion has generated intense research interest because, unlike other induction effects such as simultaneous contrast, the direction of the brightness shift is not consistent with an explanation in terms of either contrast (where the brightness of a test region shifts away from that of adjacent regions) or assimilation (where the brightness of a test region shifts toward that of adjacent regions). This means that the brightness of the test patch does not correlate with the amount of black or white border in contact with it, or in its general vicinity. For example, when the test patch is a vertically oriented rectangle sitting on the white bar of a vertical grating, it has two short sides that are in contact with the collinear white bar on which it sits, and two longer sides that are in contact with the flanking black bars (see right-hand test patch in Fig. 1b) . This configuration describes a test patch having more extensive border contact with the black flanking bars, yet the gray patch appears darker than an identical gray patch situated on a black bar and flanked by white bars (see left-hand test patch in Fig. 1b) . The effect cannot simply be attributed to assimilation, however, since the direction of the effect is unchanged even if the height of the test patch is reduced such that it now has more extensive border contact with the collinear white (see right-hand test patch Fig. 1a ) or black bar (see left-hand test patch Fig. 1a ). In addition, although the magnitude of White's effect increases with increasing spatial frequency (Anstis, 2005; Blakeslee & McCourt, 2004; White, 1979) , a finding which is consistent with a mechanism based on assimilation, unlike other assimilation effects (DeValois & DeValois, 1988; Helson, 1963; Jameson, 1985; Jameson & Hurvich, 1989; Smith, Jin, & Pokorney, 2001) , the illusion does not disappear, or reverse to a contrast effect, at low spatial frequencies (Blakeslee & McCourt, 2004; Kingdom & Moulden, 1991; White, 1979) . From observations of this type White (1979) concluded early on that explanations couched in terms of either http://dx.doi.org/10.1016/j.visres.2016.07.001 0042-6989/Ó 2016 Elsevier Ltd. All rights reserved.
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Vision Research 127 (2016) [11] [12] [13] [14] [15] [16] [17] Contents lists available at ScienceDirect Vision Research j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / v i s r e s contrast or assimilation, which depend solely on the relative amounts of black and white surrounding the test patches, could not explain the effect and that oriented mechanisms must play a causal role. In other words, the effect cannot be explained by a mechanism such as the ''low-level" filtering performed by the isotropic center-surround receptive fields in the retina and LGN of cats and primates (Jameson & Hurvich, 1989; Kingdom, 2011; Kingdom & Moulden, 1988) . Despite evidence to the contrary, described above, White's effect continues to be popularly described, and in some instances quantitatively modeled, as due to assimilation from the flanking bars (e.g., Domijan, 2015; Otazu, Vanrell, & Parraga, 2008) . The present experiments are a detailed investigation of the mechanistic basis for White's effect that clearly separates the influence of the collinear and flanking bars through an independent manipulation of their luminance.
Material and methods

Observers
Six observers (two male and four female) with normal or corrected-to-normal vision participated in the experiment. Each participant provided informed consent and the experimental protocol was approved by the NDSU Institutional Review Board.
Stimuli
Stimuli were presented on a second-generation high-dynamicrange (HDR) monitor (HDR47E, Sim2 Multimedia, S.p.A.) composed of a 47 00 , 60 Hz LCD display with 1920 Â 1080 pixel front-panel resolution, and a backlight matrix consisting of 2202 high power LEDs. Stimuli were generated using MATLAB routines and presented as pseudo-grayscale images possessing 1000 linear intensity steps using the bit-stealing method of Tyler, Chan, Liu, McBride, and Kontsevich (1992) . Gamma correction was accomplished via look-up tables created based on photometric calibration (ColorCAL, Cambridge Research Systems). The 105 cm Â 59 cm display was viewed at a distance of 110 cm and subtended 51°Â 29°of visual angle. Mean display luminance was 64 cd/m 2 . The sequencing and timing of image presentation and the collection of observer responses was controlled using Presentation (Neurobehavioral Systems, Inc.). The inducing grating and test patches of the White stimuli occupied the upper twothirds of the display. The spatial frequency of the square-wave inducing grating was 0.5 cycles/degree (c/d). Induction was measured in test patches which in a standard White stimulus would be described as collinear with (located on) a black bar of the inducing grating (Fig. 1a and b , left test patch) and collinear with a white bar of the inducing grating ( Fig. 1a and b , right test patch). Test patches were 1.0°in width (equal to the width of the individual grating bars) and either 0.5° (Fig. 1a) or 3.0° (Fig. 1b) ) that occupied the lower third of the display. The dimensions of the matching patch were the same as those of the test patch (1°in width and either 0.5°or 3.0°in height). In the 0.5°height condition the checkerboard background measured 1.5°H Â 2.0°W and the individual checks measured 0.125°Â 0.125°; in the 3.0°height condition the checkerboard background was 5.0°H Â 3.0°W and individual checks measured 0.25°Â 0.25°. The horizontal position of the matching patch (with background) was used to cue the test patch to be matched on each trial.
Procedures
A method of adjustment matching procedure was employed. Observers adjusted matching patch luminance using a mouse wheel. Each click of the mouse wheel adjusted the luminance of the matching patch by 1.0%. Matching patch luminance (a measure of induction magnitude) for each test patch was obtained as a function of the luminance of the collinear bar or flanking bars. Observers were instructed to adjust the matching patch to match the apparent intensity (brightness) of the left or right test patch (cued by the location of the matching patch). Note that because illumination is unambiguously homogeneous in these displays (i.e., there are no illumination boundaries present in the stimuli) instructions to match apparent intensity (brightness) will produce the same matching luminances as instruction to match apparent reflectance (lightness) (Arend & Spehar, 1993; Blakeslee & McCourt, 2012 , 2015a , 2015b . A checkerboard background for the matching patch was employed to insure that brightness-contrast (i.e., the intensity ratio at the border between the matching patch and its background) was not the dimension of visual experience being matched (Arend & Spehar, 1993; Blakeslee & McCourt, 2012 , 2015a , 2015b . In addition, previous investigations noted that observers report brightness matching to be easier on a checkerboard background although no differences in matching results were observed between homogeneous and checkerboard backgrounds with the same mean luminance (Blakeslee, Pasieka, & McCourt, 2005) . Collinear and flanking bar conditions were presented in separate blocks. Within a block test patch height as well as the location of the target to be matched were randomized across trials. A complete block of matching trials, one match per collinear or flanking condition, consisted of 40 matches and each observer completed 10 blocks. 
Results
Figs. 3 and 4 plot mean test patch matching luminance averaged across six observers (±1 SEM) for the 0.5° (Fig. 3 ) and 3.0°( 
The effect of varying the luminance of the collinear bars
In the collinear condition the magnitude of induction for the test patch on the left (filled circles) and on the right (filled squares) was measured as the luminance of the collinear bar varied from its lowest value (L1) corresponding to 3.2 cd/m 2 to its highest value the relative decrease in test patch matching luminance can be wholly attributed to the increasing luminance of the collinear bars, and is in the direction of a contrast effect. The curves describing the effect of changes in collinear bar luminance for the two test patches, however, differ in vertical placement. The matches to the left test patch with white flanks (filled circles) are shifted toward lower luminances relative to the matches to the right test patch with black flanks (filled squares). Since the changes in luminance of the collinear bars is identical for these two functions, this vertical displacement of the matches can be attributed to the effect of the white (124.8 cd/m 2 ) flanking bars on the left test patch and the black (3.2 cd/m 2 ) flanking bars on the right test patch. Importantly, this relative displacement of the curves is also in the contrast direction.
Note that collinear luminance condition L1 (3.2 cd/m 2 ) for the left test patch corresponds to a standard White configuration (indicated in Figs. 3 and 4 by the blue star on a filled circle) in which the test patch is collinear with a dark bar and flanked by light bars. In collinear condition L20 (124.8 cd/m 2 ), however, the same (left) test patch is surrounded by light bars (the collinear bar and one flanking bar on each side) and resembles a simultaneous contrast stimulus (indicated by the green X on a filled circle). For the right test patch, on the other hand, collinear condition L1 produces a test patch that is completely surrounded by dark bars (the collinear bar and one flanking bar on each side) and resembles a simultaneous contrast stimulus of opposite polarity (indicated by the purple X on a filled square). In collinear condition L20, however, the right test patch corresponds to a standard White configuration of opposite polarity, i.e., the test patch is collinear with the light bar and flanked by dark bars (indicated by the red star on filled square). In addition, it is worth noting that in the average data (and four of the six individual observers) the difference between the collinear matching functions is greater at L1 than it is at L20. In other words, the difference at position L1 between the brightness of the test patch on a black collinear bar with white flanks (a White stimulus) and the test patch on a black collinear bar with black flanks (a simultaneous contrast stimulus) is greater than the difference at position L20 between the test patch on a white collinear bar with black flanks (a White stimulus of opposite polarity to that in L1) and a test patch on a white collinear bar with white flanks (a simultaneous contrast stimulus of opposite polarity to that in L1). The relationship for the two remaining observers appeared more balanced (see Supplement 1 containing data from individual observers). . Over this range the flanking bars and collinear bars are both higher in luminance than the test patch. At the highest luminance (L20) the stimulus is a simultaneous contrast stimulus (a test patch on a white collinear bar with two white flanking bars on each side) and is quite similar to that produced by this same luminance (L20) for the left test patch in the collinear condition (a test patch on a white collinear bar but with one white flanking bar on each side). As expected the induction produced by these two configurations is quite similar (compare open squares marked by a green X with filled circles marked by a green X).
Since flanking bar luminance varies in an identical manner for the two flanking conditions (open symbols) the difference between the two functions can be wholly attributed to the effect of the collinear bars. Importantly, unlike in the collinear condition where matching patch luminance ranges from higher than veridical matching to lower than veridical matching, in the flanking condition test patches on black collinear bars are always matched to luminances greater than veridical and test patches on white collinear bars to luminances less than veridical. In other words, contrast from the collinear bars is stronger than contrast from the flanking bars in all conditions, which is the hallmark of White's effect. The magnitude of the contrast effects from the collinear and flanking bars can be seen in isolation by observing the difference between the left and right test patches when collinear (or flanking) bar luminance is at the mean luminance. The difference between the test patches is clearly greater (less) when flanking (collinear) bar luminance is at the mean luminance and collinear (flanking) bar luminance in isolation is responsible for the difference in test patch matching luminance (see filled (open) circles and squares near vertical dashed line in Figs. 3 and 4) . This finding is supported by earlier data from Zaidi, Spehar, and Shy (1997) in which the mean luminance of the display was substituted for either the collinear or flanking bars in a simplified White display. In addition, note that increasing collinear bar luminance near the mean luminance (vertical dashed line in Figs. 3 and 4) appears to produce a steeper decline in test patch matching luminance. In other words, it appears that the variable collinear bar matching functions may be exhibiting a ''crispening effect" i.e., enhanced luminance gain (discrimination and/or simultaneous contrast) near the background luminance (Takasaki, 1966; Whittle, 1992; Whittle & Challands, 1969) . Interestingly, McCourt and Blakeslee (1994) reported a similar finding for matches to a variable contrast standard grating added to the test field of a grating induction stimulus.
The differences in matching luminance denoted by the red and blue stars at luminance condition L1 and luminance condition L20 give separate estimates of the magnitude of White's effect under the present conditions. Similarly, the differences between the symbols marked by a purple X at luminance condition L1, and those marked by a green X at luminance condition L20 give estimates of the magnitude of the simultaneous contrast effect. Note that the magnitude of the simultaneous contrast effect exceeds that of White's effect and that this was true of all of the individual observers as well (see Supplement 1). In addition, note that the only difference between the 0.5°and 3.0°test patch heights is that the magnitude of induction over the portions of the curves where the stimulus resembles a simultaneous contrast stimulus is larger for the smaller test patch heights. This behavior is well documented in the simultaneous contrast literature (Heinemann, 1955 (Heinemann, , 1972 .
Discussion
For the inducing grating spatial frequency (0.5 c/d) and test patch heights (0.5°and 3°) used in the present study White's effect is shown to be purely a contrast effect. The effect is oriented in that it is dominated by contrast from the collinear bars. While there is also an influence of the flanking bars, this too is in the direction of brightness contrast. The dominance of the collinear bars explains why the direction of White's effect is independent of changes in the aspect ratio of the test patch, at least up to the 3°test patch heights used in the present and previous studies (Blakeslee & McCourt, 2004) . In other words, our results explain why the effect remains in the direction of contrast with the collinear bars even when the test patch has more extensive border contact with the flanking bars of opposite contrast. As collinear bar luminance increases test patch matching luminance decreases. The influence of the black and white flanking bars under these conditions is mainly to offset the collinear matching functions in the direction of contrast with the flanking bars. As flanking bar luminance increases within the range where flanking bar luminance is opposite to collinear bar luminance with reference to the test patch (the range which includes the White stimuli), test patch matching luminance remains fairly constant and in the direction of contrast with the collinear bars. As flanking bar luminance increases within the range where flanking bar luminance and collinear bar luminance are both below or above the luminance of the test patch (the range which includes the simultaneous contrast stimuli), increasing flanking bar luminance results in a decrease in test patch matching luminance (again a contrast effect). Note that this latter condition is similar to that reported to produce ''the inverted White effect" in which the effect is greatly reduced or appears to reverse (i.e., is in the direction of simultaneous contrast) when both inducing stripes are either above or below the luminance of the test patches (Ripamonti & Gerbino, 2001; Spehar, Clifford, & Agostini, 2002; Spehar, Gilchrist, & Arend, 1995 Our results are also in agreement with the narrow-band orientation-dependent noise masking and enhancement effects reported by Salmela and Laurinen (2009) , and with the orientation dependent edge-adaptation effects reported by Betz, Shapley, Wichmann, and Maertens (2015) . Salmela and Laurinen (2009) found that noise masking with a narrow orientation band (within a narrow spatial frequency band) orthogonal to the background grating decreased White's illusion and that noise masking with an orientation band parallel to the background grating increased the illusion. Similarly, Betz et al. (2015) found that contour adaptation at the location of the test patch edges orthogonal to the grating reduced (or in some instances reversed) White's effect and that contour adaptation at the location of the test patch edges parallel to the grating slightly increased the illusion. These results are in agreement with the contrast behavior observed in the current study in response to independent manipulations of collinear or flanking bar luminance.
It has often been reported that White's effect is larger than simultaneous contrast (Anderson, 1997 (Anderson, , 2003 White, 1981) . Our results differ from these reports in that the magnitude of the simultaneous contrast effect exceeded that of White's effect for all of the observers (see Supplement 1). This apparent conflict is resolved, however, if one considers that the magnitude of the White effect increases with increasing spatial frequency of the inducing grating (Anstis, 2005; Blakeslee & McCourt, 2004; White, 1979 White, , 1981 . Blakeslee and McCourt (2004) showed that this increase began when inducing grating spatial frequency exceeded 0.5 c/d. They demonstrated that the increase in the magnitude of White's effect at higher spatial frequencies was consistent with an explanation in terms of the addition of assimilation from filters in a multiscale array that were large relative to the size of the grating bars (Blakeslee & McCourt, 2004; White, 1979) resulting in smearing or blurring of flanking bar luminance into the test patch regions. In the White study (1981) the spatial frequency of the inducing grating was approximately 6 cycles/degree while that in the present study was 0.5 cycles per degree. In other words, the larger magnitude of the White effect relative to simultaneous contrast that has been previously reported is consistent with the above explanation. This interpretation is also supported by additional studies reporting similar effect sizes (Blakeslee et al., 2005; Todorovic, 1997,) or as in the present study, a larger effect for simultaneous contrast under conditions where the inducing pattern is lower in spatial frequency and assimilation would not be expected to contribute to the White effect.
A number of spatial filtering accounts as well as explanations based on grouping and surface segmentation processes have been proposed to explain White's effect (for reviews see Anderson, 2003; Blakeslee & McCourt, 2004) . Our results provide a rich data set which challenges some of these extant models and can guide future quantitative modeling efforts in brightness/lightness perception. Although a detailed analysis of each of these models is beyond the scope of the present paper our data clearly conflict with models invoking assimilation from the flanking bars as the dominant mechanism underlying White's effect (e.g., Domijan, 2015; Otazu et al., 2008) and indicate that this class of explanatory mechanism does not play a role at inducing spatial frequencies at or below 0.5 c/d. The data speak less directly to grouping and/or surface level theories (for review see Anderson, 1997 Anderson, , 2003 although it is noteworthy that large discontinuities in the matching functions do not occur at luminances of the collinear or flanking bars that result in the disappearance of the T-junctions on which these explanations largely depend. This occurs at the extremes of the functions, where the collinear (or flanking bar) luminance equals that of the flanking (collinear) inducing bars resulting in a simultaneous contrast stimulus (Fig. 2a, f and e, j) , and at the middle of the functions where the collinear or flanking bar luminance equals that of the test patch (see Fig. 2c, h ).
Our data also challenge the oriented-difference-of-Gaussians (ODOG) multiscale filtering model (Blakeslee & McCourt, 1999 , 2004 . The green and red lines in Fig. 4 show ODOG model predictions for the 3°test patch height stimuli. The short and long red dashes are model predictions for the left (filled circles) and right (filled squares) test patches in the variable collinear bar condition. The short and long green dashes are the predictions for the left (open circles) and right (open squares) test patches in the variable flanking bar condition. As observed in previous studies (Blakeslee & McCourt, 1999 , 2004 Blakeslee et al., 2005) the ODOG model does a good job of predicting the relative magnitudes of simultaneous contrast and White's effect. Although the ODOG model also captures important aspects of the shapes and positions of the functions from the present study, it does not capture the graded transition of induction with collinear bar luminance and suggests that modifications to the model, such as the incorporation of partial rather than complete contrast normalization, may be required to capture this aspect of the present data set.
Summary
For 0.5 c/d inducing gratings the White effect is purely a contrast effect. The effect is oriented in that it is dominated by contrast from the collinear bars; however, the influence of the flanking bars is also in the contrast direction. The dominance of the collinear bars explains why the direction of White's effect is constant despite changes in the aspect ratio of the test patch. As collinear bar luminance increases test patch matching luminance decreases. The influence of the flanking bars under these conditions is to offset the collinear matching functions in the direction of contrast with the flanking bars. As flanking bar luminance increases within the range where flanking bar luminance is opposite to collinear bar luminance with reference to the test patch (the range which includes the standard White stimulus), test patch matching luminance remains constant and in the direction of contrast with the collinear bars. As flanking bar luminance increases within the range where flanking bar luminance and collinear bar luminance are both below or above the luminance of the test patch (the range which includes simultaneous contrast stimuli), increasing flanking bar luminance results in a decrease in test patch matching luminance (again a contrast effect). The data encompass and elucidate the luminance relationships between the collinear and flanking bars which produce the behavior associated with White's effect as well as that associated with ''the inverted White effect" which is akin to simultaneous contrast.
